Purpose of Review Hematopoietic stem cells (HSCs) reside in a specialized microenvironment called the HSC niche. While key components of the niche have been known for several years, recent advances have identified several additional cell types that regulate HSC in the bone marrow (BM). Here, we review our current understanding of the components and dynamics of the HSC niche. Recent Findings While the niche has been considered a stable structure, recent advances clearly show that the niche is regulated in a dynamic manner to control HSC traffic and function. Moreover, the niche can rapidly remodel in response to insults to the BM in a process controlled by positive and negative regulators. Summary Multiple niche cells have been shown to be dynamically regulated by systemic and local signals to influence how the niche controls HSC function. Elucidating how different components of the niche coordinate to orchestrate HSC behavior is essential to understand how the hematopoietic system adjusts blood cell production to the demands of the body.
Introduction
The bone marrow (BM) provides diverse microenvironments that support and regulate the hematopoietic stem and progenitor cells responsible for blood cell production. The hematopoietic stem cell (HSC) niche is the most studied and characterized microenvironment, but several in vivo studies have identified niches that regulate the differentiation of other progenitors (e.g., common lymphoid progenitors [1, 2•] ) and even mature cells (e.g., macrophages that support late erythropoiesis [3] and dendritic cells that support B cell differentiation [4] ). These niches are not static, and different mechanisms regulate their function and structure to ensure normal blood cell production. The objective of this manuscript is to review our current understanding of the HSC niche and highlight how the dynamics of the niche impact HSC function and behavior.
Structure and Components of the HSC Niche
Early studies suggested that the HSC niche was mainly composed of osteoblasts and other cells present in the endosteal surface of the bone [5] [6] [7] [8] . However, it is now clear that sinusoids, arteries, and associated perivascular cells form Bvascular niches^that are the key regulators of HSC function [9, 10] . Here, we briefly discuss the main components of BM vascular niches during steady-state hematopoiesis as well as the evidence supporting a role for endosteal cells as niche components. A scheme showing key components of the niche is shown in Fig. 1 . passive conduits; they provide essential signals that direct tissue maintenance and function [11, 12] . This fundamental role is especially important in the highly vascularized environment of the BM, where arteries and arterioles enter the BM and preferentially populate the endosteal region before connecting to a tridimensional venous sinusoidal network drained by a central vein [13, 14•] . During development, HSCs arise from a hemogenic endothelium [11] ; they continue to remain closely associated with blood vessels throughout fetal development and adult life [11] . In the BM, most HSCs localize within < 5 μm of a vessel at any given time [13, 15] . EC are major sources of cytokines that regulate HSC function like CXCL12 and stem cell factor (SCF) [11, 12] . Conditional Cxcl12 and Scf deletion in the vasculature leads to a dramatic loss of HSC demonstrating that endothelial cells are critical HSC niche components [1, 16, 17] .
Perivascular Stromal Cells Broadly distributed throughout the BM, an abundant number of perivascular stromal cells can be found connected to one another and to adjacent arterioles or sinusoids [13, 14•] . These mesenchymal-derived cells have been identified using distinct genetic models and flow cytometry methods. For instance, CXCL12-abundant reticular cells (CAR cells) were identified using Cxcl12-gfp reporter mice, Nestin-gfp dim cells using Nestin-gfp mice [13, 18] , LepR + cells using LepR-cre mice [1] , Prx1 + cells using Prx1-cre mice [17] , and CD45
+ cells from WT mice [19] . These methods largely overlap and likely identify the same cell population [20] . Perivascular cell ablation in vivo led to loss of BM HSC and mobilization to the periphery indicating a role for these cells as components of the niche [18] . Similar to endothelial cells, perivascular stromal cells are also major sources of cytokines known to regulate HSC including CXCL12 and SCF [1, 16, 17] . Conditional deletion of either molecule led to loss of HSC in the bone marrow [1, 16, 17] . However, a recent study suggested that -marked cells using an inducible diphtheria toxin receptor (iDTR) line led to a shift in HSC localization away from the arterioles accompanied by a decrease in quiescence [13] . Conditional Cxcl12 deletion in Ng2 + cells recapitulated this HSC phenotype [21••] , suggesting a critical role for Ng2 + cell-derived CXCL12 in maintaining HSC quiescence. Non-myelinating Schwann Cells Although sympathetic nerves do not regulate HSC directly, they are important regulators of the niche [23] . Sympathetic nerves sit on top of arteries and arterioles and are ensheathed by glial fibrillary acidic protein (GFAP)-positive non-myelinating Schwann cells, which are a major source of active TGFβ in the BM [24] . Although HSC can synthesize TGFβ themselves, they lack the machinery to convert it to active TGFβ, and therefore the GFAP + cellderived active TGFβ is critical for TGFβ-mediated HSC quiescence [24] . It has been proposed that active TGFβ promotes HSC quiescence by inhibiting the formation of cytokinemediated lipid raft clustering, which is thought to augment essential signals for HSC entry into the cell cycle [24] . Surgical sympathectomy of the BM decreased the number of these GFAP + non-myelinating Schwann cells and reduced the frequency of BM HSC thus suggesting that they are a component of the HSC niche [24] .
Sinusoid-Associated Megakaryocytes
Megakaryocytes are large multinucleated cells that reside in sinusoids where they shed new platelets. Imaging analyses showed that approximately 35% of HSC were in direct contact with a megakaryocyte [25] [26] [27] . In vivo ablation of megakaryocytes led to dramatic increases in HSC numbers due to loss of quiescence and proliferation followed by loss of these cycling HSCs due to exhaustion [25, 26] . Megakaryocytes seem to regulate HSCs by secretion of multiple molecules including CXCL4 [25] , TGFβ [26] , and CLEC2 [27] . Megakaryocyte ablation or loss of CXCL4 signals led HSCs to relocate away from sinusoids and megakaryocytes suggesting that proximity to megakaryocytes is critical for HSC regulation [25] .
Hematopoietic Stem and Progenitor Cells Most hematopoietic stem and progenitor cells (HSPC) are perivascular and relatively close to each other [28] . This suggested that HSPC might be regulated by their interaction with other progenitors. Indeed, Leiva et al. showed that deletion of the selectin ligand ESL1 in HSPC induced proliferation of wild-type HSC in a non-cell autonomous mechanism [29••] . Endothelial expression of E-selectin regulates HSC quiescence [30] , but ESL1 in HSPC functions, instead, by reducing the amount of TGFβ available to neighboring HSPC [29••] .
Evidence for Arteriolar and Sinusoidal Niches Multiple imaging studies using antibodies and transgenic reporter mice have demonstrated that most HSCs are perivascular [13, 14•, 15, 18, 25, 28] . However, the BM contains distinct types of vessels including sinusoids, arterioles, and transitional vessels [13, 31••] . Several lines of evidence support the idea that sinusoids and arteries are spatially distinct niches. HSCs associated with sinusoids are more proliferative than HSCs associated with arterioles. The Frenette group demonstrated that − 35% of all HSCs were located within 20 μm of BM arterioles and regulated by Ng2 + cells [13] while another − 35% of HSCs were in contact with sinusoidal megakaryocytes and away from arterioles [25] . Importantly, megakaryocyte ablation did not affect quiescence or HSC interaction with arterioles suggesting that HSCs in sinusoids and arterioles are independently regulated [25] . This is further supported by a recent study by the same group showing that conditional CXCL12 ablation in periarteriolar Ng2
+ cells led to depletion of BM HSCs and reduced localization of HSCs to periarteriolar spaces [21••] . Two additional studies from the Nakauchi and Lapidot laboratories further support the idea that arterioles provide a niche that promotes HSC quiescence. Nonmyelinating Schwann cells are critical regulators of HSC quiescence via TGFβ and are also intrinsically associated with arterioles [24] . HSCs associated with arteries have reduced levels of reactive oxygen species (ROS) whereas sinusoids are enriched in ROS + HSCs [22••] . Additional evidence for a unique role of arterioles in regulation of HSC was provided by Kusumbe et al., wherein they showed that constitutive activation of Notch signaling in the vasculature caused a dramatic expansion in BM arterioles and a large increase in BM HSC numbers indicating that arteriole number controls HSC abundance [31••] . It is important to note, however, that other groups did not find evidence for quiescent HSCs being enriched in periarteriolar areas. Acar et al. using α-catulin-gfp reporter mice to detect HSCs found that only 10% of all HSCs resided close (less than 5 μm) to arterioles; they also did not find any enrichment for quiescent HSC near arterioles [14•] . Additional experiments are necessary to functionally test the concept that sinusoids and arterioles provide unique signals that regulate HSC.
Cells Not Directly Associated with the Vasculature
Macrophages Another mature hematopoietic cell type that regulates HSC behavior is the macrophage. Unlike megakaryocytes, macrophages do not specifically associate with the vasculature as they are interspersed through the BM and a subset of macrophages Bosteomacs^specifically localize to the endosteal surface. Also, and in contrast with megakaryocytes, they do not act directly on HSCs. Instead, macrophages influence HSC release from the niche by acting on perivascular stromal cells to modulate their CXCL12 production [32] [33] [34] . Depletion of CD169 + macrophages led to a selective downregulation in Cxcl12 expression in perivascular niche cells and resulted in HSC mobilization from the BM [32] [33] [34] . A recent study also showed that phagocyte depletion increased HSC numbers and that blockade of interferon-γ signaling in macrophage lineage cells regulated HSC quiescence [35] . This study strongly suggests that macrophages not only regulate trafficking but also regulate HSC proliferation.
Neutrophils and Other Myeloid Cells
The first evidence for a role of neutrophils came from the Hidalgo laboratory. This group demonstrated that aged neutrophils that return to the BM from circulation can trigger HSC mobilization by targeting BM macrophages. When aged neutrophils infiltrate the BM, they are homeostatically cleared by BM macrophages via phagocytosis, thereby activating the macrophages and ultimately triggering CXCL12 reduction and HSC egress from the BM [36] . A recent report showed that histamine production is restricted to myeloid cells in the bone marrow (including some myeloid-biased HSCs) and that these myeloidbiased HSCs associated specifically with Gr1 + myeloid cells (likely neutrophils) [37••] . Mice incapable of producing histamine showed reduced HSC quiescence and HSC purified from these mice showed impaired potential to reconstitute myeloid cells [37••] . HSC purified from mice lacking the histamine receptor H 2 R also showed engraftment defects after transplantation. These results thus strongly suggest that myeloid cells regulate myeloid-biased HSCs directly via histamine-H 2 R signaling [37••] .
Adipocytes The role of adipocytes in HSC regulation is controversial. A first report suggested that adipocytes were negative regulators of HSC maintenance. This was based on the observations that adipocyte-rich BM contains fewer HSCs and that Bfatless^mice with drastically reduced BM adipocytes showed enhanced HSC reconstitution following irradiation and transplantation [38] . However, a subsequent study found no HSC phenotype upon in vivo treatment with the adipocyteexpanding drug troglitazone, suggesting no significant role for adipocytes in homeostatic HSC maintenance [39] . Even more recently, a third study has suggested a role for adipocytes and/or adipocyte progenitors in regulating HSC maintenance in post-irradiation or post-chemotherapy conditions via SCF production but not in the steady state [40••] . Although there appears to be a role for adipocytes, additional studies are required to clarify their role in the regulation of HSC function.
Bone-Associated Cells
Osteoblasts Early in vitro studies found that osteoblasts are capable of promoting HSC expansion in culture [5, 6] , and subsequent studies have found that pharmacological or genetic expansion of the osteoblastic (cells capable of differentiating into osteoblasts) lineage in vivo results in increased BM HSC numbers [7, 8] . However, biglycan-deficient mice, which exhibit a two-fold reduction in osteoblasts, show no significant changes in HSC number or function, and pharmacological osteoblast expansion fails to impact HSC [41] . Furthermore, genetic deletion of key niche factors like CXCL12 or SCF from mature osteoblasts did not cause reductions in BM HSC numbers [1, 17] . Since perivascular stromal cells are also osteoprogenitors [18, 42] , the most likely explanation for the results above is that osteoblasts do not regulate HSC directly and, instead, perivascular stromal cells with osteoblastic potential are bona fide niche cells.
Osteoclasts The main function of osteoclasts is to digest the bone during homeostasis. Mice lacking osteoclasts during development have a diminished BM cavity and greatly reduced numbers of hematopoietic cells (including HSCs) [43] . It is less clear whether osteoclasts directly or indirectly regulate the niche during adult steady-state hematopoiesis. Some studies have shown that osteoclast depletion impairs pharmacological HSC mobilization [44] or reduce HSC numbers [45] . However, another study found that osteoclast depletion increases HSC numbers [46] . More studies are needed to formally demonstrate that osteoclasts are a component of the HSC niche during steadystate hematopoiesis. 
Other Endosteal Cells

Dynamic Regulation of the Niche and Its Effect on HSCs
It is easy to assume that the niche is a stable structure that regulates largely quiescent HSCs. However, multiple reports have shown that BM niches are plastic and dynamically regulated. In this section, we discuss some examples that highlight the dynamic nature of the niche.
Circadian Regulation of CXCL12 Production and HSC Trafficking HSCs are migratory cells and approximately 1% of all HSC leave their niches to enter the circulation each day [49] . It is thought that this efflux is to refill empty niches in other bones [49] or to recirculate through tissues and become effector cells that contribute to local immunity [50] . Surprisingly, HSC release from the BM into the circulation follows a 24-h circadian rhythm in which maximum egress occurs during the resting phase of the organism (day for mice and night for humans [51, 52] ). This circadian release is controlled by regulating CXCL12 production by BM perivascular cells. In turn, these cells are regulated by diverse mechanisms that ensure proper HSC release from their BM niches. The first pathway identified for circadian regulation of HSC trafficking was the sympathetic nervous system (SNS). Light signals received by the eyes are relayed via nerves to the suprachiasmatic nucleus, the major circadian pacemaker, in the brain [52] . Then, these signals are transmitted to the BM via the sympathetic chain to nerve terminals in the bone marrow that produce norepinephrine that acts on perivascular stromal cells via the β3-adrenergic receptor [52] . This receptor activation in turn triggers degradation of the transcription factor SP1, Cxcl12 downregulation, and HSC release [52] . CXCL12 signals via the CXCR4 receptor on HSCs. CXCR4 expression in HSCs is regulated by the molecular clock and follows the same circadian pattern as CXCL12 peaking during the resting phase and reaching a nadir during the activity phase, thus increasing the potency of the CXCL12 signal by regulating receptor abundance [51] . Another pathway that regulates HSC trafficking is a neutrophil-macrophage-perivascular stromal cell axis [36] . Previous studies showed that macrophages crosstalk (through an unknown mediator) with perivascular cells to induce CXCL12 secretion by perivascular cells [32] [33] [34] . CasanovaAcebes et al. found that neutrophils that have aged in the periphery are recruited back to the bone marrow where they are phagocytosed by BM macrophages; this in turn caused reduced Cxcl12 expression in BM perivascular stromal cells and HSC release [36] . This regulation depends on the expression of the LXR nuclear receptors but it is not known whether these function on macrophages or perivascular stromal cells as both cell types express LXR [36] . A third mediator that regulates circadian CXCL12 production and HSC release from the BM is corticosterone [53] . Corticosterone levels in the circulation also follow circadian rhythms; mice with constant low levels of corticosterone have no oscillations in BM CXCL12 as well and reduced HSC oscillations indicating that this pathway also regulates HSC release from BM HSC niches [53] . Thus, perivascular niches are dynamically regulated by at least three unique pathways to control physiological HSC egress from the BM within a 24-h period.
Regeneration and Reprogramming of the Vascular Niche
After Myeloablation Hematopoietic stem cell transplantation (HSCT) remains the only treatment for many malignant and non-malignant hematopoietic diseases. For the transplant to be successful, the host hematopoietic cells must be eliminated via chemotherapy drugs or radiation to allow the donor cells to engraft. This Bmyeloablationn ot only eliminates the host hematopoietic cells but also dramatically injures the vascular niche leading to the disappearance of most sinusoids and associated perivascular cells whereas arteries and periarteriolar cells are relatively intact [13, [54] [55] [56] . Regeneration of the vascular niche is the rate-limiting factor for engraftment of donor HSC and restoration of normal hematopoiesis [13, 54, 55] . Niche regeneration is quite fast and, in as little as 2 weeks, the BM can restore an intact vasculature [13, 54, 55] . Niche regeneration is positively and negatively regulated by several mechanisms. A key positive driver of regeneration is vascular endothelial growth factor (VEGF) signaling through its receptor VEGFR2 [54] . Conditional deletion of Vegfr2 in mice did not have any effect in steady-state hematopoiesis but completely abolished vascular regeneration after myeloablation [54] . Vascular regeneration also requires an intact sympathetic nervous system as nerve injury or pharmacological inhibition of β2-and β3-adrenergic receptors prevents regeneration of the sinusoidal network and associated perivascular stromal cells [57] . After myeloablation, BM granulocytes crosstalk with the regenerating vasculature via TNF-α to promote endothelial cell survival and vessel growth [55] ; Tnfa −/− mice show delayed niche recovery after vascular injury highlighting the importance of this pathway in regeneration [55] . Vascular regeneration is negatively regulated by NF-κB signaling in the endothelial cells and NF-κB inhibition can be used to accelerate recovery after myeloablation [58•] . In addition, LepR + cells and hematopoietic progenitors cooperate in inhibiting the regeneration of the sinusoidal vasculature via angiopoietin 1 [59••] . The loss of the sinusoids causes megakaryocytes to relocate to the endosteal surface of the bone where they facilitate HSC engraftment via TGFβ and PDGF-BB [26, 60] ; it also causes a dramatic expansion of Adipoq-Cre + adipocyte progenitors and adipocytes that facilitate hematopoietic regeneration via SCF secretion [40••] . Myeloablation also activates several programs in the vascular niche that support HSC engraftment and restoration of hematopoiesis. Some of these programs include the Notch pathway via Jagged1 and Jagged2 [61, 62, 63 •], pleiotrophin [64] and EGF in endothelial cells [65] , and Dickkopf-1 activation on perivascular stromal cells and osteoprogenitors [66•] . Together, these pathways regulate regeneration of the niche and engraftment of HSC to restore normal hematopoiesis. Once the niche has regenerated and sufficient numbers of hematopoietic cells have been produced, the BM returns to steady state through incompletely understood mechanisms although TGFβ plays a key role in this process [67] .
Conclusions
The BM niche is a complex, multicellular, and heterogeneous structure that maintains hematopoietic stem cells. Different components of the niche are targeted by systemic and local signals in a dynamic way that affects their ability to regulate HSC numbers, trafficking, and function. In addition, the niche is a plastic structure capable of dynamic changes after insults to the bone marrow (e.g., myeloablation, leukemia, aging). Understanding how the different components of the niche regulate each other and cooperate to maintain HSC is one of the frontiers of the HSC niche field.
